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Introduction
The industrial revolution of the 18th and 19th centuries brought forth impressive new mechanical and materials technologies that vastly improved manufacturing and transportation but also created the need for an improved understanding of phenomena (stresses and deformations) encountered in highly loaded contacts (e.g., in bearings and gears). Hertz developed some of the earliest analytical stress models for contacting surfaces such as ball bearing-raceways and the wheel-rail interface (Ref. 1 ). The Hertz model is sufficiently general to include the radii of curvature of the surfaces, their elastic moduli and the contact loads (Ref. 2). Hertz's calculations for contact stress, for example, explain what happens when two solid bodies contact one another and how damage occurs when the deformations and stresses exceed allowable material limits.
Such models have guided the design of mechanical components. For instance, Hertz calculations are used to estimate the contact stress in bearings between rolling elements and raceways and also between the contacting points of meshing gear teeth. Using "Hertz" stress levels as a guide, the contact geometry and material properties can be tailored to minimize stresses and distribute the load. Over decades of experimental development, so-called "hertzian" contacts in machine elements have evolved to incorporate hard materials with commensurately high stiffness and relatively low values of ductility and recoverable elastic strain (Ref. 3) . Though this approach yields long life and low friction such components are susceptible to localized damage during high load events.
Contacts that occur between curved surfaces made from hard and stiff materials result in very small contact areas and high local stresses. In a bearing subjected to a shock or other type of overload situation, denting of the precision raceway can readily occur and is called Brinell type damage (Ref. 4) . Brinell denting of surfaces often leads to rough operation and premature fatigue failure and is avoided largely by limiting overloads and tailoring contact geometry to reduce peak stress. The use of less rigid, softer materials could reduce local contact stresses but would also lead to the loss of load capacity, structural rigidity, higher operating friction and generally lower fatigue life. Much of these negative effects can be traced to excessive deformation in the contact areas and susceptibility of softer, less rigid surfaces to be damaged by foreign particles like dirt and hard wear debris. Based upon the prevailing and successful use of hard, rigid materials in mechanical components one can infer that hard and stiff is preferable to soft and less rigid.
An alternate path to improved bearing design might be to employ materials that are sufficiently hard to mitigate wear but at the same time sufficiently compliant to minimize contact stress levels during highload events. In effect, what may be more desirable than the use of hard, stiff materials for mechanical component applications is the use of hard but highly compliant materials. Such a material may seem like a paradox since hardness and rigidity typically go hand-in-hand. Furthermore, acceptable fatigue resistance is paramount for long life. Interestingly, but not widely recognized, the desire for such materials is not a new concept.
In the 1950s, T.L. Oberle was among the first to put forth that a relationship exists between wear resistance and the ratio of material hardness (H) to elastic modulus (E), the H/E ratio (Ref. 5). He called this ratio the Modell. In his landmark paper, he suggested that improved machine wear life could be attained not through the development of ultra hard materials alone but rather through the identification and development of materials more resistant to indentation-induced damage. Oberle assumed that the best materials for mechanical components were the ones that exhibited the high hardness needed to provide abrasion resistance but yet were of sufficiently low elastic modulus to limit localized stresses that occur when hard particles enter a contact. Recognizing that high hardness and high elastic moduli are generally coincident material properties, Oberle considered hard chrome plating on softer steel substrates as an alternate means to achieve a high effective Modell.
More recently, other researchers have followed this example to purposefully engineer coatings and surface treatments to enhance the H/E ratio and tribological performance (Ref. 6) . Ceramic coatings, surface conversion treatments, and bonded metallic films on more elastic substrates have been extensively evaluated. It has been observed that coatings that perform best in sliding are not always the hardest but rather those with a high H/E ratio (Refs. 5 and 6). Though Oberle and more recent researchers seem to have concentrated upon sliding contact, their approach has equal if not more compelling arguments when applied to concentrated rolling contacts like bearings, gears and other mechanical components.
Engineering bearings from materials with high Modell could enhance performance in several ways. Reduced elastic modulus will result in a higher degree of elastic deformation (strain) under a given load leading to increased contact area and reduced peak hertz stress. Thus, in theory, higher load levels could be endured without exceeding local stress limits, provided that high levels of elastic strain are accommodated. Such a high Modell bearing should also be similarly less susceptible to debris denting. Of course, adequate material hardness would be required to mitigate more general types of wear such as abrasion. Successful bearing materials must also be compatible with lubricants such as oil or grease and be of sufficient strength to withstand typical machine loads. Other equally critical attributes include the ability to be manufactured to great precision and of sufficient quality to provide reasonable fatigue properties.
The fact that Oberle expressed his desire for the development of high Modell materials so long ago and no such materials have yet been identified suggests that such an avenue to improved wear performance is not possible. In fact, the recent proliferation of silicon nitride ball/steel race hybrid bearings appears to embody an approach opposite to the one promoted by Oberle. The adoption of ceramic rolling elements increases hardness and modulus and results in reduced contact areas with mating raceways leading to higher hertz stresses. Hybrid bearings are widely recognized as being prone to raceway denting because of these factors and care must be taken to limit overall load levels. For the aerospace industry, shock loads can be unavoidable and a recent example of such a failure can be readily found (Ref. 7) . This paper evaluates the premise of using high Modell materials for bearings, gears and other mechanical components by considering materials from the family of shape memory alloys. When properly prepared, some of these materials are hard, yet have a relatively low apparent elastic modulus and exhibit superelastic behavior. As an example, a nickel-titanium alloy, NITINOL 60 originally developed by the U.S. Navy, is evaluated for use in rolling element bearings. A series of experiments is conducted to establish the feasibility of using such materials for mechanical components especially with respect to applications involving high dynamic loads.
In the remainder of this paper an ordered intermetallic binary Nickel-Titanium alloy is introduced that appears to satisfy Oberle's requirement of high Modell while offering additional significant benefits such as greatly extended elasticity, immunity from corrosion, tribological compatibility and reduced density. Its feasibility for use in bearings and components is evaluated through a variety of mechanical and materials tests.
Materials Background
Binary Nickel-Titanium (Ni-Ti) alloys are in widespread use in the medical and dental industries in applications where their biocompatibility and unique superelastic and Shape Memory Effect (SME) characteristics are readily exploited (Refs. 8 and 9). More recently in the aerospace industry, shape memory alloy activated structures have been proposed and demonstrated for such applications as general flow control, adaptive inlets and nozzles, variable geometry chevrons, variable camber fan blades, and flaps and other hinged components (Refs. 10 and 11). These applications capitalize upon the temperature dependent, large reversible strain change inherent in near equi-atomic Ni-Ti alloys (containing approximately 55 wt% nickel) even when opposed by high constraining forces. The use of such alloys in mechanical components is problematic on two fronts. Near equi-atomic Ni-Ti alloys lack the dimensional stability required for precision mechanical assemblies like bearings and gears. When used above and below their transformation temperature, large dimensional changes, due to shape memory effects, are observed. Further, such alloys have low hardness leading to high wear in tribological applications.
Equi-atomic Ni-Ti alloys, however, only represent a small fraction of compositions in this family. Within the Ni-Ti system, and in closely related materials systems, there exist compositions that, when appropriately heat treated and processed, exhibit high levels of hardness and dimensional stability. For selected applications, the shape memory effect can be tailored to occur well below conceivable use temperatures. An example of one such alloy is the nickel-rich NITINOL 60 (60NiTi) alloy that contains 60-wt% nickel (55 at.%) and 40-wt% titanium. Whereas the more commonly known NITINOL 55 (55NiTi) is soft and exhibits remarkable shape memory effects, NITINOL 60 can be made dimensionally stable and easily hardens to Rockwell C 60 or higher through appropriate heat treatment. Recently, advanced manufacturing methods have been used to produce bearing quality rolling elements from NITINOL 60 that display excellent tribological behavior (Refs. 12 and 13). Table I lists relevant material properties for 60NiTi alongside the shape memory alloy 55NiTi and more conventional bearing materials. While 60NiTi has about the same hardness as M50 tool steel and other bearing alloys it displays a relatively low apparent modulus similar to titanium. This yields a Modell (H/E) for 60NiTi that is about twice that of hardened steel and satisfies Oberle's goal for a bulk material with enhanced Modell. In addition to having a high Modell, 60NiTi also exhibits certain characteristics of shape memory alloys that are pertinent to applications in highly loaded contacts, namely superelasticity. Superelasticity here is defined as a material's ability to undergo large (more than 3 percent) strains that are fully recoverable. Typical bearing steels exhibit recoverable strain limits of less than 1 percent. In the following sections, a series of experiments are presented that are designed to determine the potential for a high Modell material like 60NiTi to offer enhanced performance in applications such as bearings, gears or other mechanical components. Hardness, tribology, fatigue, and basic materials tests are considered. These sub-component and indirect tests are used to support the concept of making shock resistant components utilizing high Modell materials. Furthermore, this paper explores the potential for other such materials to offer engineering solutions to longstanding problems and vulnerabilities facing precision mechanical systems.
Materials Processing History
This study focused on a single composition of NiTi, namely 60NiTi. Several diverse processing paths were used to fabricate samples for the various tests used to evaluate the potential of this material for bearing, gear and other mechanical components. The goal was not to determine the best form of 60NiTi but rather to simply and conveniently generate a basic set of properties for this material.
60NiTi balls were manufactured via a high temperature proprietary powder metallurgy process roughly similar to that described in the literature (Ref. 14) . Pre-alloyed 60NiTi powder was hot isostatically pressed (HIPed) into rough, spherical ball blanks that were then ground, hardened, polished, and lapped to produce high quality (Grade 5) bearing balls 12.7 mm in diameter. A multi-step thermal process (heat treatment) was used to enable rough grinding of the bearing balls in a softened state followed by lapping to a very fine surface finish in a final hardened condition. The finished 60NiTi ball specimens, shown in Figure 1 , were bright and shiny in appearance and resembled conventional polished steel balls.
The 60NiTi plates were processed via two slightly different methods. In one case, plates were processed by vacuum induction skull melting followed by casting in graphite molds. Once removed from the molds, the ingots were subjected to hot isostatic pressing to consolidate any internal voids remaining from the casting process. Figure 2 shows a collection of castings from which test specimens were cut. Further references to this material in will be as "cast" 60NiTi. In the second method, an electro-slag re-melt process followed by hot rolling was used to produce plate material. Further references to this material will be as "hot-rolled" 60NiTi. All samples regardless of starting condition were given a final hardening heat treatment (980 C for 1 h) followed by oil or water quench. Some preliminary properties for the 60NiTi were also measured in the as-received condition (i.e., cast or hot-rolled), for comparison to the heat-treated material. Density was measured to be 6.71 g/cm 3 and is about 15 percent lower than the corresponding value for tool steel. Figure 3 shows the microstructure for a cross section of the 60NiTi ball specimens in its final hardened and polished condition. Hardness measurements indicated values in the range of 58 to 62 on the Rockwell C scale (HRC). Figure 4 shows representative photomicrographs for several of the material conditions considered. For comparison purposes, conventional bearing materials were also examined. Plates made from M50 tool steel, 440C stainless steel, and the cobalt alloy Stellite 6B (in the precipitation hardened condition), were prepared and tested. With regards to atmospheric attack, 440C stainless steel is considered a corrosion resistant bearing material while Stellite 6B is considered corrosion "proof". Additionally, indenter balls from bearing grade Si 3 N 4 were procured from a commercial source.
Experimental Evaluations of 60NiTi-Procedures and Results
Several conventional and unconventional experimental tests were conducted to determine the feasibility of using a high Modell, superelastic material such as 60NiTi as a candidate material for mechanical components. These included conventional hardness tests, Brinell damage threshold tests, compression tests, rolling contact fatigue tests, and Spiral Orbit Tribometer (SOT) tribology tests. The primary goal of these tests was to evaluate the potential for making bearings and machine components from a superelastic and high Modell material that can better withstand dynamic overload forces without incurring permanent damage.
Hardness Test
Standard indentation (Rockwell C indenter) hardness tests were performed on the 60NiTi samples in the as received and also in the hardened conditions. In this hardness test, a pyramidal diamond indenter is forced into the sample under a 150 kg load. The penetration depth after indent is automatically measured and reported as a numeric hardness value on the Rockwell C scale (HRC). Soft materials like mild steel, annealed nickel alloys, and titanium typically register in the HRC 15 to 30 range. Hardened bearing steels typically yield values between HRC 50 to 65. The hardness results for the hot-rolled material were essentially the same as the cast material. Therefore no distinction among these processing routes is hereafter made. The test material is simply designated as either "hardened" or "as-received."
As-received 60NiTi was fairly soft and had a hardness value of about HRC 24 to 30. Following hardening heat-treatment, its hardness increased to HRC 58 to 60. Despite such a large increase in hardness, casual laboratory measurements and observations suggest that the material was dimensionally stable during the heat treatment with no significant observed warping, shrinkage, expansion or distortion. For comparison, the hardness values for typical bearing materials were also measured and catalogued in Table II . 440 C stainless steel exhibited hardness that mirrored 60NiTi, with hardness ranging from HRC 58 to 60. M50 tool steel was a bit harder, HRC 60 to 63. The precipitation hardened cobalt alloy, Stellite 6B, was slightly softer, HRC 44 to 46. For long life and maximum load capacity, material hardness above HRC 55 is generally preferred for bearing and gear applications. 
Brinell Indentation Hardness Test
The Brinell hardness test consists of pressing a large diameter (12.7 mm) ball into the surface of a plate of test material, beyond the yield strength, resulting in a round and permanent dent. The diameter of the ball and dent along with the load are used to calculate the Brinell hardness. The higher the number, the more resistant a material is to indentation damage. In these tests, Si 3 N 4 balls were used to indent plates of 60NiTi, 440C and M50 bearing steels, and Stellite 6B. A multi-purpose load frame was used for this test. The test load was applied gradually over a 120 sec period and varied from 10 to 3000 kg f depending upon the material tested. The test set-up is shown in Figure 5 .
The data (Table III) indicated that 60NiTi had the highest Brinell hardness at 530, followed by M50 at 500, 440C at 435. Stellite 6B exhibited the lowest value of 310. Clearly, 60NiTi has an excellent resistance to indentation damage but the Brinell number alone does not give a full picture of 60NiTi's ability to resist damage, which is more fully delineated in the following tests. A follow-on measurement was made with the Brinell test set up ( Fig. 5 ) in which discrete loads were applied to the plate specimens using Si 3 N 4 and 60NiTi indenter balls at levels below those needed to cause dents. In these tests, first a low load was placed on the indenter balls and then removed. If no dent was observed (visually) a new test was done using a higher load. The process was repeated until the damage threshold load was determined. Table IV gives these threshold loads along with corresponding stress values calculated using the Hertz equations (Ref. 1) . These values are of great interest in engineered systems since threshold load and stress are used to determine the machine design, not a hardness number.
These results illustrate the value of using hard but highly elastic materials in concentrated contacts. Stellite 6B was indented with Si 3 N 4 or 60NiTi balls at loads above only 10 and 15 kg, respectively. 440C withstood 51 or 150 kg, and M50 withstood 150 and 500 kg when loaded with Si 3 N 4 and 60NiTi balls, respectively. Hardened 60NiTi proved the most dent resistant by far, withstanding 552 kg against Si 3 N 4 and 1509 kg when contacted by the 60NiTi ball. Clearly, using highly elastic materials like 60NiTi for one or both contacting surfaces leads to dramatically enhanced loading capability. Such loading capability exceeds that expected based upon hardness alone. To better understand the reasons for 60NiTi's exemplary resilience one needs to consider its superelastic nature and this is best illustrated through the standard compression test.
Compression Test
The most generally accepted and broadly understood test data comes from simple compression tests conducted on small cylindrical samples. In this test 5 mm diameter by 10 mm long cylinders of 60NiTi were placed between hardened steel anvils in a servo-hydraulic test frame and deformed in displacement control at an initial strain rate of approximately 110 -4 s -1 while measuring strain as a function of applied stress. Repeated cycles were imposed on the same sample to a constant upper stress level determined from previous compression tests. The data is presented as stress versus strain from which the strength, apparent stiffness and recoverable strain levels were assessed. Figure 6 shows the compression test results for 6 repeated stress cycles on the same hot-rolled plus hardened specimen.
When initially loaded in compression, the 60NiTi sample deformed as the load increased in a slightly non-linear fashion up to the load limit capability of the test fixtures, in this case ~2500 MPa. When the load was reduced, the majority of the strain was recovered, save for one percent, most likely due to plastic deformation. Upon repeated loading the sample deformed reproducibly between the same limits with only a small hysteresis observed between the loading and unloading segments. Subsequent loading cycles showed little deviation from this reproducible behavior.
Two important aspects of the material behavior were revealed from this test. The first is that a small amount (~1 percent) of non-recoverable strain occurred during the very first loading event. The implications of this one-time initial 1 percent non-recoverable strain will be discussed later. The other aspect is that 60NiTi withstood exceedingly large amounts of recoverable strain over repeated cycles with no observed degradation. Typical bearing steels can withstand only a few tenths of 1 percent strain with full recovery when the load is removed. The extraordinary levels of recoverable strain observed for 60NiTi is typical for superelastic materials and helps explain why such high loads were required to achieve a dent in the Brinell test.
Rolling Contact Fatigue Test
Rolling contact bearing materials must possess acceptable rolling contact fatigue (RCF) behavior. For evaluating RCF performance 60NiTi rods were wire Electrode Discharge Machine (EDM) cut from the hot-rolled plus hardened plate and ground and lapped to achieve an acceptable surface finish (roughness ~0.4 m rms). These were placed into a standard Federal Mogul style tester, lubricated by mineral oil, and loaded by three tool steel balls at three load levels corresponding to 266, 356, and 429 ksi contact stress. Test speed was 3600 rpm and time to first spall was evaluated as indicated by accelerometer detection. The results are summarized in Table V . For comparison purposes, high quality, fully commercialized bearing steels can withstand about 500 ksi without experiencing fatigue failures.
The 60NiTi results varied widely. At the highest stress, 429 ksi, life ranged from 2.2 to 8.4 h. Clearly, this stress level exceeds the capability of the currently available rods. At 356 ksi, the life ranged from a low of 4.2 h to well over 169 h in one test. At the lowest stress, 266 ksi, life ranged from 13.8 h to greater than 840 h. In this latter case, there was no failure and the test was intentionally ended and the fatigue life was deemed essentially infinite. Examination of the spalls and close scrutiny of the rods using crosssectional metallography coupled with SEM and EDS-Xray analyses helped elucidate the sporadic fatigue behavior observed. Figures 7 and 8 show images of the wear tracks following rolling tests at 266 and 429 ksi, respectively. Under the low load the wear was a mild polishing type wear. At the higher load, the failure appeared as a classical fatigue spall likely originating at subsurface flaws, a characteristic common for hard, limited ductility materials undergoing repeated contact. Cross-section images, of the microstructures shown previously in Figure 4(a) , revealed stringers of oxides and other hard inclusions, residual porosity and multiple coarse phases within the NiTi matrix. The microstructure after the hardening treatment was essentially the same as that shown in Figure 9 . These flaws and the large variability in their size are undoubtedly contributing factors to the scatter and early failures seen in many of the tests. It is likely that those samples that exhibited superior fatigue performance, nearing that of commercial steels, had smaller subsurface defects than those with shorter lives. Further fatigue tests are planned utilizing higher quality specimens made by powder metallurgy and other processing routes that will reduce the size and density of such defects. Despite the variability, even the current 60NiTi rods can be considered for modestly loaded applications with respect to fatigue. Furthermore, given the poor quality of the tested material in terms of microstructure, the fatigue data is actually quite encouraging.
SOT Tribology Testing
The tribological behavior of 60NiTi in a lubricated rolling contact was evaluated using a Spiral Orbit Tribometer (SOT). In this test, a single powder metallurgy processed 60NiTi ball was loaded between two rotating 440C steel disks, lubricated with synthetic oil and tested in a vacuum. The 60NiTi ball was marginally lubricated with a small quantity (~25 µg) of oil. The test conditions fell within the boundary lubrication regime that helped assess the tribological and tribo-chemical compatibility of the material.
The SOT, depicted in Figure 10 and described in detail elsewhere (Refs. 12 and 15), is basically a thrust bearing with one ball and flat races (plates). One of the plates was stationary and the other rotated to drive the ball into an orbit that was an opening spiral. The ball contacted a "guide plate" at the end of each orbit, which forced the ball back into its initial orbital radius. A piezoelectric force transducer supporting the guide plate sensed the frictional force developed on the ball as it slid on the rotating plate. During this contact, the coefficient of friction was obtained from this force and the load imposed on the system. Prior to testing, the ball specimen was dipped into a dilute oil-solvent solution depositing a thin (~25 g) volume of lubricant onto the surface. Tests were typically run for several thousand cycles until the oil was consumed and friction rose. The number of test cycles, prior to a steep rise in friction, was used as the indication of tribological performance.
Under these conditions, considered representative of precision bearings, performance (life and friction) was comparable to that observed with 440C bearing balls. Figure 11 shows the friction results from several comparative tests. The results clearly show that 60NiTi met or exceeded the tribological capabilities of the standard 440C stainless steel. Typical lubricant lifetimes were approximately 30,000 to 60,000 revolutions indicating a slow lubricant consumption rate. In one test (not shown) using both 60NiTi plates and ball, the rig was permitted to run well beyond the complete consumption of lubricant.
The friction climbed to a coefficient of around 0.35 but was stable and no galling tendencies were observed. Also shown in Figure 11 are SOT results of solid Ti-6Al-4V balls and 440C balls that had been previously sputter coated with a thin film of pure titanium. Both of these ball material configurations aggressively degraded the lubricant and experienced high friction and seizure within a few dozen revolutions.
Discussion
The primary goal of this investigation was to assess the potential for highly elastic, hard materials like 60NiTi to satisfy the demands of tribological contacts and to withstand extreme loading events in mechanical systems and remain undamaged. A series of novel and conventional experimental measurements were used to provide input for such an assessment. The results of these experiments are remarkably consistent and support the validity of using hard superelastic materials for mechanical components.
The SOT tribology test results indicate that 60NiTi exhibits behavior comparable to high performance bearing steels. This result is welcome and somewhat unexpected given the significant differences in the surface chemistry between steels and 60NiTi. The long lubricant lifetimes exhibited may also indicate that further improvements through more appropriate choice of lubricant or through the use of additives tailored for nickel and titanium metallurgy may be possible. In addition, the tribology results indicate the potential for reduced friction. Figure 12 shows the friction coefficients for 440C and 60NiTi balls rolling on 440C plates. Friction for 60NiTi is consistently lower than for 440C. While the exact reason for the lower friction with 60NiTi is not yet fully understood, it may be related to the superelastic behavior of the 60 N.T. ball in that the normal elastic deformation of the surfaces as they contact is better recovered than steel ball materials which experience deformation losses (hysteresis). Based upon these considerations, lower friction and higher overall efficiency of bearings, gears, drives and mechanical components may be expected.
The results from the most basic standard Rockwell and Brinell hardness tests offer little evidence that 60NiTi differed in any appreciable extent from a common bearing material. 60NiTi's Brinell hardness was around 530 and its Rockwell C hardness was 60 to 62. These values compare closely to M50 and 440C tool steels and indicate good prospects for use in highly concentrated contacts. The conventional compression test results illustrated the unique and unusual deformation behavior of 60NiTi. The compressive behavior of 60NiTi differed substantially from other hardened bearing materials. Hard bearing materials have low strain to failure, typically 1 percent or less. They are stiff, unyielding, and brittle. 60NiTi, in contrast, is superelastic. Its stress strain behavior is complex as shown in Figure 6 . On the first loading cycle, strain builds slowly over a broad strain range. At more than 5 percent strain and 2.5 GPa load, the test fixture had reached its contact load limit. The load was then reduced and when fully unloaded we can see that over 4 percent of the strain was recovered. Subsequent loading cycles exhibited only fully recoverable "elastic-like" response. In reality, this was superelastic behavior due to the formulation of stress-induced martensite during loading and its transformation back to austenite during unloading. In the current set-up, the maximum allowable strain in compression was not reached or measured. In comparison to conventional bearing steels, 60NiTi exhibited remarkably high levels of recoverable strain. It is hard, yet combines a low apparent modulus and an extraordinarily extended region of recoverable deformation. Based upon the slope of the stress-strain curve and the result from the Brinell threshold load limit tests that showed permanent deformation only above 5.7 GPa, one can extrapolate that the recoverable elastic strain limit lies near 10 percent strain. This will need to be verified in future testing.
With respect to engineering applications, the superelastic behavior of 60NiTi offers significant benefit. Highly deformable materials that can also withstand high levels of recoverable strain are more forgiving to overload events. Under extreme loads, such surfaces will momentarily and elastically deform creating a relatively large contact area with commensurately low contact stress and reduced chance for permanent damage. Highly recoverable materials can also better withstand debris-induced damage. For instance in a ball bearing, the superelastic nature of 60NiTi can allow a ball to overrun a hard debris particle by temporarily deforming rather than incurring a permanent dent through plastic flow. In order to realize this benefit, some pre-straining (e.g., coining or forging) will be required before a component reaches its finished geometry. This is necessary to eliminate the potential for plastic deformation as shown in the first loading cycle in Figure 6 . Such treatment is common with high performance materials and for 60NiTi will ensure that all deformation that occurs in use will be of the fully recoverable type.
The Brinell style indentation experiments used to determine the load threshold for permanent damage provides compelling evidence that a superelastic material can contribute to improved mechanical components and devices. The threshold load for damage for the 60NiTi system (ball and plate) is at least an order of magnitude higher than the best hybrid bearing system currently in use. The reason for this behavior can be best understood through the contact stress modeling embodied in the hertz equations. For a given contact geometry, the stress between a ball and plate is dictated solely by the elastic modulus of the ball, plate, and the load. Table IV lists the results. The lower stiffness of 60NiTi results in a larger deformed contact area and thus the peak and average stresses are reduced compared to materials with higher elastic moduli. NITINOL's superelastic behavior enhances this effect in two ways. First its superelasticity causes it to appear to have an even smaller "effective" modulus, further reducing peak stresses. And second, its ability to recover extremely large strains results in extraordinarily high damage threshold loads. The behavior of 60NiTi, as observed in this series of experiments, is perfectly understandable once these effects are taken into account. The combination of low modulus and high recoverable strain provides load tolerance while the high hardness gives good wear resistance.
In effect, the use of a high Modell material as postulated by Oberle in the middle of the last century appears quite valid. 60NiTi's additional attractive properties such as low density, intrinsic corrosion resistance and non-magnetic properties add to the compelling case that it is a breakthrough in mechanical component materials. Figure 13 graphically depicts the combined benefits of this novel approach with respect to load damage tolerance and environmental corrosion. 
Summary Remarks
This paper presents a novel approach to improve the resiliency, debris and shock load tolerance and efficiency of mechanical components by the adoption of emerging hard yet superelastic construction materials. Through a series of conventional and unconventional materials tests it has been shown that low modulus, hardened superelastic materials, such as 60NiTi, can withstand extreme loading conditions without incurring permanent surface damage. In contrast, bearing and gear materials currently in widespread use readily sustain damage at much lower load levels. The test results, when taken together, indicate that the superior performance of loaded contacts made from this hard superelastic material is directly related to it's unique combination of high hardness, significantly reduced "effective" modulus and extremely high levels of recoverable strain (superelastic behavior). Based upon the investigations, the following specific remarks are made:
 The use of hardened materials with modest effective elastic modulus that exhibit superelastic behavior results in significantly enhanced load capability for contacting surfaces.  The extreme levels of recoverable deformation that occur when superelastic, low effective modulus materials, like 60NiTi, are placed under heavy contact loads results in larger hertzian contact areas that effectively distribute the load, reduce peak and average stresses and prevent contact damage.  60NiTi appears to undergo a small amount of irrecoverable plastic deformation during initial loading. After that, it exhibits remarkably reversible, superelastic strain behavior as evidenced by cyclic compression tests. These observations indicate that some mechanical working of the material, such as coining or forging, may be desirable prior to use.
 When the exemplary load tolerance of 60NiTi is taken with its previously proven benign tribological behavior a compelling case for significantly enhanced machine component performance is expected.  When one considers that the 60NiTi material is the least complex superelastic alloy currently available, it is likely that through alloying and other development, materials with greatly enhanced performance will emerge.
Though much more research will be required to understand the 60NiTi material and its metallurgical relatives, the results obtained thus far point to a very bright future for many applications where extreme loading is unavoidable. Further, it is anticipated that many other materials with similar superelastic behavior will emerge to greatly expand the tools available to mechanical design engineers for problem solving and technological development.
